Abstract -The paper concentrates on improving the efficiency of the pumping system in which pumps are run by variable speed drives. The method is applicable to system consisting of several centrifugal pumps. Problems arising from running the pumps outside the optimal efficiency region are discussed. Common principles of operation and control of typical boosting pumping station are represented. Methods of regulation of productivity of the system are described. The proposed method is based on prediction of future efficiency of pumps before making adjustments of pumping system productivity. The proposed method is basing on tracking the working point of pump on efficiency graph. Monitoring the location of working point vs. efficiency graph enables to evaluate its current and future distances from the best efficiency point of the pump. Knowing the current number of running pumps it is possible to predict the location of working point after adjustment of productivity of the system. Ability to predict the increase or decrease of efficiency enables to enhance the adjustment of productivity of the system. Methods of graphical analysis of working state of the pumping system are representing topic for future research.
I. INTRODUCTION
According to the results of research, pumps consume no less than 10 % of electrical power produced worldwide [1] . Due to the developments of power electronics, the efficiency of modern pumping systems has increased. Today, however, pumping that consumes a substantial share of produced power is still a subject to technological upgrade.
Development of powerful programmable controllers enables to enhance the efforts of increasing the efficiency of pumping stations by applying the flexible control algorithms, data acquisition and signal processing.
Various methods and solutions are applied in order to improve the efficiency of pumps driven by electric motors. Efficiency growth of the pumping systems helps to save the expenses in both the power consumption and the maintenance. Additionally, the length of lifecycle depends on the grade of efficiency indexes during the pump usage.
Modern equipment built on the basis of the variable speed drives (VSD) can significantly increase the efficiency of pumping stations. The variable speed pumping has shown its advantages over throttling pumping, which was widely used before the development of power electronic devices and digital signal processors because of its simple and low-cost implementation. The main advantage of the VSD over the throttling system is the elimination of the power dissipation in the piping system resulting from chocking the discharge.
However, difficulties arise when a pump driven by the VSD is forced to run with a non-rated speed outside the best efficiency region (BER). In such cases the efficiency of the whole pumping unit decreases. The decrease is particularly sharp in the speed range below the rated speed [2] , [3] . Such problem is likely to occur in multi-pump systems as a result of over-(or under-) sizing on the design stage or abnormal demand conditions, which can be caused by some defects of the piping system [4] .
Typically the control system adjusts the rotational speed to provide a constant supply when the demand is changing, in the traditional pumping stations where pumps are running with VSD. The pumps are being turned on and off in order to keep the supply on the desired level. The speed variations in such kind of systems can bring the pump to functioning outside the BER [5] .
This paper focuses on the pumping systems consisting of centrifugal pumps fed by separate VSDs. A new method of efficiency improvement for the centrifugal pumps running in the multi-pump applications is proposed. This approach is based on the estimation of the future performance of pumps before turning the additional pumps on or off. Comparing the performances before turning on and off should help to avoid pump performance at a low efficiency level due to running of excess pumps. Additionally, a method of prediction of the future efficiency resulting from the number of working pumps changing is discussed.
II. PUMPING SYSTEM
The multi-pump system provides the following benefits against system containing of one large pump [6] :
 Redundancy. The supply can be provided even if one or several pumps are out of order. Failure of one or several pumps can affect the performance of the system but will not cause the breakdown of the whole pumping station.  Reducing the costs connected to keeping the spare parts and units.  Flexibility. The desired pressure can be provided by varying the number of working pumps which increases the probability of functioning closer to the BER as compared to the use of one large pump. Functioning in the BER ensures saving both the energy costs and the maintenance costs.
Most of the pumping applications (excluding the levelcontrolled systems) are designed to maintain the constant pressure in the pumping station outlet [7] . The pressure constancy is achieved by adjusting the produced flow, which can be implemented by varying the rotational speed of the pump. doi: 10.2478/ecce-2014-0014
Pressure at the outlet of the pumping station is adjusted in order to follow the set-point. In this way, compensation of the pressure decrease is implemented through the increase of flow.
The control system is measuring the feedback (typically a water pressure at specific section of pipeline). In order to bring the output pressure to conformity with the set-point, the control system can:
 adjust the rotational speed of a pump  affect the flow by changing the number of running pumps through turning on and off the units Adjustment of the rotational speed of the pump is based on the PID regulation principle. Here the set-point for the PID controller is a desired pressure set by an operator. The feedback is the water pressure acquired from a pressure sensor at the output of the pumping system. The PID controller provides a speed reference to the VSD in order to compensate the difference between set-point and actual pressure at the output of the system [8] . The PID controller is implemented as a software module inside the controller which runs the pumping system [9] .
Extra flexibility of productivity is achieved by increasing or decreasing the number of working pumps in the system. The decision on changing the number of working pumps is typically made when the actual speed reference generated by the PID controller overcomes the predefined limit.
If the speed reference for pumps grows significantly it means that given number of working pumps cannot provide enough flow. So as the limit is overcome, the next pump is turned on. If the speed reference for pumps decreases significantly it means that the given number of pumps provides too much flow. Hence number of working pumps can be decreased. When the limit is overcome, the next pump is turned off. This principle of management of number of running pumps is shown in Fig. 1 .
Managing the multi-pump system in which every pump is run by a separate VSD requires the use of industrial communication equipment. The messages from the network master can contain the start and stop commands and the speed references for pumps. Here all pumps run with same speed. This is a common practice in parallel pumping systems for avoiding the flow recirculation. Each unit of the multi-pump system consists of the VSD, asynchronous motor, and the pump. The PLC as the network master runs the PID controller and generates the turn off and on commands. The structure of the described multi-pump system is shown in Fig. 2 .
When the pumps are connected in parallel, they act against the common pressure. In this case the total flow rate consists of the sum of flow rates of all pumps. When the pumps are connected in series, the total pressure at the system output is a sum of pressures provided by every single pump.
Further in this paper only the parallel connection will be discussed.
Multi-pump operation is sensitive to the individual characteristics of each pump. The total pressure may not be a simple sum of individual pressures, especially in the cases when characteristics of the pumps are not similar. To achieve the BER, all the pumps could be running with the VSDs following the speed reference of the master [10] . However, in some applications all pumps except one are running at a constant speed whereas one of the pumps is running at a variable speed, thus adjusting the flow.
III. PUMP CURVES
The characteristics of the pumps are given on the diagrams known as the pump curves. These diagrams supplied by the manufacturers are individual for every pump model. The main pump characteristic is the head-flow curve, which shows the relation between the flow (amount of a fluid moved per unit time) and the head (measure of pressure provided by the pump). For all centrifugal pumps it is typical that the flow rate decreases as the head increases (Fig. 3) .
Several characteristic curves represent the pump's performance at various speed rates.
Changing the speed of a pump affects the rates of flow and the head. The characteristic curves change according to affinity laws [11] as follows: The system resistance curve (or system curve) represents the resistance of the piping system and depends on consumers. The generic shape and slope of the system curve depends on a specific application and is not provided with the datasheets of the pump. It varies when the structure of the consumer or the pipeline changes. Variation in the household daily consumption is one of the factors affecting the shape of the system curve. The system curve tends left when the resistance is high; it tends right when the resistance falls. The point of crossing of the head-flow curve with the system curve indicates the working point of the pump.
When the discharge valve of the pump is closed, the provided head is at its maximum and the flow is at zero point.
The pump size and type are selected on the basis of the characteristics of the system curve. Knowledge of the working point location on the system curve helps to determine if the pump is able to provide enough head and flow by re-uniting the pump characteristic curve with the system curve. Another important characteristic of the pump is its efficiency curve. One of them for Ebara 120 CDX pump is shown in Fig. 4 .
The point at which the efficiency curve is rising to its peak is known as the best efficiency point (BEP).
Taking into consideration the fact that efficiency decreases at non-rated operation, the efficiency curves can be drawn for every speed rate shown in Fig. 3 .
The projection of the efficiency curve set onto the headflow graph results in an efficiency map [12] .
By combining Figs. 3, 4 and 5 and observing the relationship between several speed curves, the efficiency of the particular pump, and the efficiency map, it is possible to obtain the resulting curve representing the efficiency at the rated speed forming the BER.
IV. RECOMMENDED OPERATION REGIONS
FOR VSD DRIVEN PUMPS Pump operation exactly in its BEP is almost impossible due to variations of the system curve. Thus, operation as close to the BEP as possible is a target. Therefore, the BER is the most preferable operating space.
It is highly recommended to run a centrifugal pump in the BER for optimizing the pump efficiency and its energy consumption. Also, such harmful phenomena as cavitation and hydraulic excitation forces are minimized in the BER [5] , which provides higher reliability and longer lifecycle.
Operation far from the BER is accompanied with such abnormal phenomena as Flow recirculation (leads to reduced output flow), reduced bearing and sealing life, cavitation and temperature increase of the pumped fluid [6] .
Knowing that operating at the BEP is almost impossible and the probability of overcoming the limits of the BER always exists, the Preferable Operating Region (POR) and Allowable Operating Region (AOR) were introduced [7] .
According to [13] , 70 % to 120 % of the flow rate at the BEP is preferable for a typical radial flow centrifugal pump. AOR includes a wider range of flows. Operation in this region should not lead to immediate failure of a pump; however its lifecycle will be shortened. The hazards here are of the higher rates of vibration and noise as compared to POR. Working in AOR (which is 70 % to 50 % of the flow rate at the BEP) leads to inefficient pumping but does not harm the pump in a direct manner. Thus, operating in the AOR region is possible for a short time. In total, it can even reach hundreds of hours per lifecycle [14] and should not be treated as forbidden.
V. ENERGY CONSUMPTION OF A PUMP
Amount of the consumed electrical power depends on the electrical parameters and conditions of functioning of the pump and its drive. Here, the term drive includes a motor and a feeding device (VSD). In this section, the multi-pump system consisting of the pumping sets is described each of which consists of a pump and its drive. The pumps in the multi-pump system are supposed to have identical characteristics of flow (Q) and head (H).
An effective operation of the multi-pump system can be provided by the control system. The components of the pumping system (and mainly the control system) ought to keep the consumption of electricity on a rational level. This is intended to be reached by minimizing the momentary value of electric power consumed by the pumping system. Electric power being consumed by the pumping system can be defined as [15] :
where:
η -pump efficiency ηf -efficiency of VSD ηs -efficiency of induction motor ηz -efficiency of pumping set ρ -density of pumped fluid, kg/m 3 , m -number of working pumps
The presence of the flow-head product in (3) confirms the dependence of consumed electrical power on the working point.
VI. VARYING THE NUMBER OF WORKING PUMPS
AND ITS IMPACT ON EFFICIENCY As it was stated earlier, one of the preferable methods of the control of pump productivity is by varying its speed. The productivity of a full pumping system (consisting of several pumps) can be adjusted by varying the number of running pumps.
Typically at the stage of commissioning the principles of regulation of the running pumps number are defined. Most commonly the method of varying the number of running pumps is rated-speed oriented [16] . It means that an application is programmed in such a way that the number of pumps increases when the actual speed exceeds the predefined limit ("Start limit" in Fig. 1.) . Similarly, the number of running pumps must decrease when the actual speed falls below the predefined limit ("Stop limit" in Fig. 1.) .
The influence of turning on the additional pumps can be described by the dependency shown in Fig. 6 .
Thus, it is assumed that an increase of speed is caused by insufficient water supply (PID controller increases the speed reference in order to compensate the lack).
As an example, the pumping system consisting of two pumps can be considered.
Initially one pump can provide the desired supply. But if the demand grows, the PID controller should increase the speed reference. The next pump will be turned on as soon as the speed of other pumps overcomes the "Start limit".
As can be seen from Fig. 7 , the characteristic curve shifts upwards. The resulting curve reflects the performance of the pump in the double-pump system. This shift of the performance curve cannot be described by the affinity law (1). It is reasonable that the speed reference generated for each pump by the PID controller will be lower than the speed reference for one pump before the increment. One of the main tasks during the commissioning is to ensure that the speed reference after turning on the second pump will not slow down drastically (because of excess pressure) and will not result in turning the pump off (because of overcoming the "Stop speed" limit).
Naturally, such varying the number of running pumps affects the location of the working point relative to the BEP.
An increase or decrease of the number of running pumps is justified by the needs of keeping the speed in close-to-rated region. Also, it will certainly lead to shifting the operation point [17] . In the worst case such an increase can lead to shifting the working point out of AOR.
It is possible to state that the speed-oriented approach to the productivity control does not take into account the factors of the BER [18] . Also, the actions of the control system can harm the efficiency of the pump (though it keeps the supply at the desired level). 8 describes the growth of the number of working pumps at the speed increase of an existing pump (or pumps) in order to keep the supply. One working pump is assumed as an initial condition. It can be seen that as soon as the system curve shifts right (the demand increases), there are two ways to keep the supply:
1. Turning on the auxiliary pump. The working point will shift to the location marked as "5". 2. Increasing the speed of a single pump in order to increase the flow. In this case, the working point will shift to location "4". Fig. 8 shows that point "4" is closer to the BEP than point "5". Hence increasing the speed of single pump is more benefit than turning on the second pump from the point of view of pump's efficiency. Here the trade-off takes place between the speed and the pump efficiency. The development of the trade-off strategies is a subject of future research.
Analysis of the future location of the working point and its impact on efficiency is difficult because of the amount and complexity of lines contained in the efficiency map. For an on-line analysis the map should be fed to the control system as a lookup table (Table I , Fig. 9 and Fig. 10 ).
The quality of the analysis will depend on the amount of points describing the lines of the efficiency map.
Detecting the location of actual working point and predicting the location of future working point with changed amount of working pumps can be implemented by the onboard DSP of the VSD's control unit [19] . The content of lookup table should be fed to the DSP as parameters. Location of working point is actually its affiliation to some efficiency region (e.g. 75 % -77 %). The algorithms of detection will include analysis of the geometry of the efficiency map.
Acquiring the actual working point can be implemented using the algorithm of sensorless pressure control described in [10] . The algorithm enables to detect the location of actual working point utilizing the readings of pump input power which can be retrieved from the VSD's actual parameters.
For online analysis, the efficiency map similar to those shown in Fig. 8 is to be introduced to the control system as a lookup table (Table II and Fig. 11 ) [20] .
The lookup table contains marker points of the efficiency curves which for simplicity of computations can be represented as a series of lines. This assumption is possible since the shapes of efficiency curves are alike and these curves do not intersect. Finding of the working point location relatively these lines is a typical problem of analytical geometry on the plane. The distance from the center of the most efficient range ([0.0] in our case) is an important index. Combining these distances, the preferable efficiencies are calculated. The quality of the analysis and control depends on the amount of points described the lines of the efficiency map. The more is the number of marker points (lines), the higher is the approximation accuracy.
VII. CONCLUSIONS
The method of the optimization of the control of the pump station productivity is proposed. The proposal offers a principle for the comparison of working point locations before and after the number of working pumps change. This comparison can be implemented on the basis of the future working point location estimation. Quite laborious parameterization of the control system is required to supply the data needed for comparison.
The algorithm for automatic comparison and decision making is a subject for further investigation and development.
